Abstract: Picobirnaviruses (PBVs) are mostly found in animal alimentary samples. In this study, among 576 respiratory specimens from 476 mammals and 100 chickens, genogroup I PBVs were detected in three cattle and three monkeys, and a genogroup II PBV-positive sample was collected from one cattle specimen. More than one PBV sequence type was observed in two and one genogroup I PBV-positive samples from cattle and monkeys, respectively. Twenty-four complete/near-complete segments 2 (nine from respiratory and 15 from alimentary samples) from the cattle and monkey genogroup I PBVs and one complete segment 2 from the cattle genogroup II PBV were sequenced. Similar to other studies, the cattle PBVs also showed a high diversity. In contrast, the monkey PBVs observed in this study were clustered into three distinct clades. Within each clade, all the sequences showed >99% amino acid identities. This unique phenomenon is probably due to the fact that monkeys in our locality reside in separated troops with minimal inter-troop contact.
Introduction
Picobirnaviruses (PBVs) are small non-enveloped bi-segmented double-stranded RNA viruses. Since their first discovery in alimentary samples of humans and rats in 1988 [1, 2] , PBVs have been reported in other terrestrial and marine mammals, birds, invertebrates and environmental water samples [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Recently, we have described the first discovery and a high diversity of PBVs in California sea lions from an oceanarium in Hong Kong and dromedary camels from the Middle East [18, 20, 21] . We also found that multiple strains of PBV were present in the majority of PBV-positive samples in different kinds of animals [18] .
The genome of a PBV consists of two segments: segment 1 and segment 2. Segment 1 contains the capsid gene and another open reading frame which encodes a putative protein of an unknown function, 1 Throat swab 52 3 (5.8%) 0 (0%) Dog Nasopharyngeal swab 50 0 (0%) 0 (0%) Cat Nasopharyngeal swab 50 0 (0%) 0 (0%) Bat 2 Mouth swab 157 0 (0%) 0 (0%) Horse 3 Nasopharyngeal swab 116 0 (0%) 0 (0%) Poultry Chicken
Tracheal swab 100 0 (0%) 0 (0%) 1 Most monkeys found in our locality are considered hybrids of Macaca mulatta and Macaca fascicularis. 2 Species included Hipposideros pomona (n = 103), Rhinolophus affinis (n = 14), and Rhinolophus sinicus (n = 40). 3 Thoroughbred racehorses stabled at the Hong Kong Jockey Club.
RNA Extraction
Viral RNA was extracted from the respiratory samples using the EZ1 Virus Mini Kit v2.0 according to the manufacturer's instructions (Qiagen, Hilden, Germany). The RNA was eluted in 60 µL of AVE buffer (Qiagen, Hilden, Germany) and used as the template for RT-PCR.
RT-PCR for PBVs and DNA Sequencing
PBV screening was performed by PCR amplification of a 205-bp (nucleotide position 967-1171) and a 207-bp fragment (nucleotide position 786-992) of the RdRp gene of genogroup I and genogroup II PBVs, respectively, using conserved primers (genogroup I: 5 -CAAARTTYGACCARCACTT-3 and 5 -TCRTCDGCRTTGGTACCACC-3 ; genogroup II: 5 -WTGGATGTTTCCGATGTC-3 and 5 -TGYGCATCCATYTTMGTGGTGTCTC-3 ) designed based on multiple alignments of the nucleotide sequences of available RdRp genes of PBVs [30] . Reverse transcription was performed using the SuperScript III kit (Invitrogen, San Diego, CA, USA) and the reaction mixture (10 µL) contained RNA, first-strand buffer (50 mM Tris-HCl pH 8.3, 75 mM KCl, 3 mM MgCl 2 ), 5 mM dithiothreitol, 50 ng random hexamers, 500 µM of each deoxyribonucleotide triphosphate and 100 U Superscript III reverse transcriptase. The mixtures were incubated at 25 • C for 5 min, followed by 50 • C for 60 min and 70 • C for 15 min. The PCR mixture (25 µL) contained cDNA, PCR buffer (10 mM Tris-HCl pH 8.3, 50 mM KCl, 2 mM MgCl 2 ), 200 µM of each dNTP, 10 µM of each primer, and 1.0 U Taq polymerase (Applied Biosystems, Foster City, CA, USA). The mixtures were amplified in 60 cycles of 94 • C for 1 min, 50 • C for 1 min, and 72 • C for 1 min, and a final extension at 72 • C for 10 min in an automated thermal cycler (Applied Biosystems, Foster City, CA, USA). Standard precautions were taken to avoid PCR contamination and no false-positive was observed in the negative controls.
All PCR products were gel-purified using the QIAquick gel extraction kit according to the manufacturer's instructions (Qiagen, Hilden, Germany). Both strands of the PCR products were sequenced twice with a Prism 3700 DNA analyzer (Applied Biosystems, Foster City, CA, USA), using the two PCR primers. When multiple nucleotide peaks were observed in the sequencing results, which suggested more than one type of PBV in the sample, the corresponding purified PCR product was cloned into the pCR-II-TOPO TA vector (Invitrogen, San Diego, CA, USA) according to the manufacturer's instructions. Both strands of 10 clones for each sample were sequenced, using primers 5 -TAATACGACTCACTATAGGG-3 and 5 -CGGCTCGTATGTTGTGTGGA-3 , which bind to the nucleotide position 160-179 and 406-425 of the vector, respectively. The sequences of the PCR products or the clones were compared with known sequences of the RdRp of PBVs in the GenBank database.
Complete/Near-Complete Segment 2 Sequencing of Genogroups I and II PBVs
Five and four complete segment 2 samples of cattle and monkey genogroup I PBVs, and one complete segment 2 of cattle a genogroup II PBV detected in the respiratory specimens were amplified and sequenced respectively using published strategies for double-stranded RNA viruses [31] . In addition, six and nine complete/near-complete segment 2 samples of the cattle and monkey PBVs we previously detected in the alimentary specimens were also amplified and sequenced using the same strategy [31] . RNA extracted from the original respiratory and alimentary specimens, using the EZ1 virus mini kit (Qiagen, Hilden, Germany), was used as the template for RT-PCR and sequencing. An adaptor primer, with a 3 NH 2 blocking group, was ligated to the 3 termini of the viral RNA and subjected to reverse transcription using a complementary primer. After RNA hydrolysis, reannealing, and end-filling, single-primer amplification of viral genomic segments was performed using a complementary primer and genome specific primers using a strategy described previously [32] . The 5 and 3 ends of the viral genomes were confirmed by the rapid amplification of cDNA ends using the 5 /3 RACE kit (Clontech, Mountain View, CA, USA). The PCR products were gel purified and cloned into the pCR-Blunt II-TOPO vector by employing the Zero Blunt TOPO PCR cloning kit (Invitrogen, San Diego, CA, USA). Clones were sequenced using an ABI Prism 3700 DNA analyzer (Applied Biosystems, Foster City, CA, USA). Sequences were assembled and manually edited to produce the final sequences of the segment 2 genome.
Genome Segment 2 Analysis
The nucleotide sequences of genome segment 2 and the deduced amino acid sequences of the open reading frames (ORFs) were compared to those of other PBVs. Phylogenetic analysis was performed by the neighbor-joining method, using the Jukes-Cantor substitution model with gamma distributed rate variation and bootstrap values calculated from 1000 trees [30] . A clade is defined as two or more PBVs sharing >99% amino acid identities in their complete or near-complete RdRp sequences. Secondary structure prediction in the 5 UTR was performed using RNAfold [33] .
Estimation of Synonymous and Non-Synonymous Substitution Rates
The number of synonymous substitutions per synonymous site, Ks, and the number of non-synonymous substitutions per non-synonymous site, Ka, for the RdRp between monkey PBVs belonging to clade M-R1 were calculated using the Nei-Gojobori method (Jukes-Cantor) in MEGA6 [30] . The Ks and Ka for the other two clades of monkey PBVs were not calculated because the number of sequences was small.
Nucleotide Sequence Accession Numbers
The genome segment 2 sequences of all cattle and monkey PBVs have been lodged within the GenBank sequence database under accession no. KY120170-KY120194.
Results

Detection of PBVs in Respiratory Specimens of Animals
A total of 576 respiratory specimens from 476 mammals and 100 chickens were obtained (Table 1) . RT-PCR for a 205-bp fragment in the RdRp of a genogroup I PBV was positive in respiratory samples collected from three cattle and three monkeys, respectively (Table 1) . Sequencing and phylogenetic analysis showed that the three positive samples from cattle (C345N, C346N, and C361N) contained three (C345N-1, C345N-2, and C345N-3), two (C346N-1 and C346N-2), and one (C361N) sequence types, respectively ( Figure 1A ). There were 63 (31.3%) to 73 (35.8%) nucleotide differences among C345N-1, C345N-2, and C345N-3 and 62 (30.5%) nucleotide differences between C346N-1 and C346N-2. For the three positive samples from monkeys (11T, 21T, and 35T), two sequence types (11T-1 and 11T-2) were observed in one sample (11T) and one sequence type was observed in the other two samples (21T and 35T) ( Figure 1A ). There were 64 (31.5%) nucleotide differences between 11T-1 and 11T-2. The PBV sequences from cattle and monkeys were widely distributed in the whole phylogenetic tree with a high diversity ( Figure 1A ). No genogroup I PBV was amplified from respiratory samples collected from 50 dogs, 50 cats, 157 bats, 116 horses, and 100 chickens.
RT-PCR for a 207-bp fragment in the RdRp of a genogroup II PBV was positive in one respiratory sample collected from cattle (Table 1) . Sequencing and phylogenetic analysis showed that the sequence possessed 46-89 (22.8-50.6%) nucleotide differences to other genogroup II PBV sequences, being most closely related to macaque PBV (MG010908.1) ( Figure 1B) . No genogroup II PBV was amplified from respiratory samples collected from the 52 monkeys, 50 dogs, 50 cats, 157 bats, 116 horses, and 100 chickens. No co-infection with both genogroups of PBVs in a single sample was observed. All PBV strains detected in the same host species were highlighted in the same color, with the highlights in bold representing the PBVs discovered in respiratory specimens. If more than one sequence type was found in the same sample, each sequence type was numbered in the order of identification (e.g., Monkey/11T-1 and Monkey/11T-2 indicated that there were two sequence types found in the same monkey sample 11T). (b) One hundred and ninety-two nucleotide positions were included in the analysis and rooted with genogroup I human PBV strains. The genogroup II PBV characterized in this study is shown in bold.
Complete/Near-Complete Segment 2 Sequence Analysis of Cattle and Monkey PBVs
Twenty complete and four near-complete segment 2 samples (nine from respiratory and 15 from alimentary samples) from the cattle and monkey genogroup I PBVs were successfully sequenced and assembled (Table 2, Figure 2 ). For the three positive alimentary samples from cattle (C343R, C369R, and C374R), each of them contained two sequence types (C343R-1 and C343R-2, C369R-1 and C369R-2, and C374R-1 and C374R-2, respectively). For the six positive alimentary samples from monkeys (1R, 2R, 12R, 13R, 14R, and 15R), two sequence types (1R-1 and 1R-2, 13R-1 and 13R-2, and 15R-1 and 15R-2, respectively) were observed in three samples (1R, 13R, and 15R) and one sequence type was observed in the other three samples (2R, 12R, and 14R) [18] . Sequencing of the other eight segment 2 samples was not successful because of low viral loads and/or failure to amplify part of the segment. [6] . Conserved cysteine and proline residues present in other genogroup I PBVs were also observed in all 24 segment 2 sequences [6] .
One complete segment 2 from the cattle genogroup II PBV was sequenced and assembled (Table 2, Figure 2 ). This segment 2 was 1622 bases in length with a G+C content of 40.4%. The 5 non-coding region (54 bases) was AU-rich (G+C content 16.7%) with the five conserved bases, GUAAA, located at the 5 end. Similar to genogroup I PBVs, a highly stable stem loop structure was also observed in the 5 non-coding region as a result of the pairing of 5 -GUAAA-3 and 5 -UUUAC-3 sequences [34] . The 3 non-coding region (23 bases) had a G+C content of 52.2%, ending with CUCC. This segment 2 possessed one long ORF (1545 bp) encoding the putative RdRp of 514 amino acids. This putative RdRp shared 40.7 to 78.0% amino acid identities with those of other genogroup II PBV strains, being most closely related to macaque PBV (Genbank number AVD54059.1). The three conserved motifs (D-T/S-D, SG-T, and GDD) commonly found in the RdRp sequences of other dsRNA viruses were also observed [34] . In the phylogenetic tree constructed using the RdRp gene, the 13 segment 2 sequences of the monkey PBVs were clustered into three (M-R1 to M-R3) distinct clades (Figure 2) . Within each clade, all the sequences showed >99% amino acid identities, suggesting that they belong to the same clone. The alimentary samples of three monkeys (1R, 13R, and 15R) possessed sequences that belonged to two different clades (M-R2 and M-R3 for sample 1R; M-R1 and M-R3 for samples 13R and 15R), and the throat swab of one monkey (11T) possessed sequences that belonged to two different clades (M-R1 and M-R2). As for the sequences from the cattle samples, except for two sequences (C346N-1 and C374R-2), no distinct clades were observed, suggesting that there was no dominant clone in these alimentary and respiratory samples (Figure 2 ).
Estimation of Substitution Rates
The Ka, Ks, and Ka/Ks of the RdRp in monkey PBVs belonging to clade M-R1 are 0.002, 0.049 and 0.041, respectively.
Discussion
We discovered PBVs from respiratory samples of cattle and monkeys. The original discovery of PBV from alimentary samples raised the question of whether PBV is associated with gastroenteritis [1, 2] . The recent findings on the presence of genogroup I and II PBV in respiratory tract swab specimens of pigs, genogroup I PBV in bronchoalveolar lavage of humans, and non-genogroup I/II PBV in nasal swabs of young dairy cattle with cattle respiratory disease further prompted us to rethink whether these viruses could be respiratory tract pathogens [27, 28, 35] . Moreover, the high abundance of PBV in respiratory samples of pigs is also in line with its high abundance in their alimentary samples [27, 36] . In this study, we further provided evidence that PBVs can be detected in respiratory samples of cattle and monkeys in Hong Kong. Although PBV was not detected in respiratory samples of dogs, cats, bats, and chickens in the present study, this may partly be due to the relatively low abundance of PBV in these animals, as our recent study on mammalian PBVs and our unpublished data on poultries also did not reveal a high abundance of PBV in their alimentary samples. Notably, similar to results in previous reports [37, 38] , genogroup I PBV sequences are more commonly found than genogroup II PBV sequences in the present study. This may be due to a genuine higher abundance of genogroup I PBV or the use of primers better designed for the amplification of genogroup I than genogroup II PBV as a result of the availability of many more genogroup I PBV sequences in GenBank. In the present and our previous studies [18, 20] , we found that the topologies of the phylogenetic trees constructed based on the partial RdRp sequences (around 200-bp) and complete RdRp sequences of PBVs were completely concordant (i.e., correct classification of PBVs into genogroup I and genogroup II). This implies that sequencing partial RdRp PCR products is already sufficient for classifying genogroup I and genogroup II PBVs.
Multiple strains of PBV were present in the respiratory samples of monkeys and cattle. Up until early 2019, although PBVs have been found in different animal species [2, 3, [7] [8] [9] [10] 13, [17] [18] [19] [20] [21] [39] [40] [41] [42] [43] [44] [45] , more than one strain of PBV has only been described in alimentary samples collected from humans [5, 38] , pigs [36, 39] , chickens [14] , monkeys [17] , and buffalos [43] . In our recent study, multiple strains of PBV were observed in the same alimentary samples of cattle, monkeys, horses, pigs, and California sea lions [18] . In the present study, among the three monkeys and four cattle positive for PBVs in their respiratory samples, more than one strain of PBV was present in two cattle and one monkey, as confirmed by RdRp gene sequencing. This phenomenon of multiple strains of PBV in one respiratory sample has been reported in pigs, from which both genogroups I and II PBVs were observed in the same sample [27] .
The cattle PBVs observed from the respiratory and alimentary samples showed a high diversity. In our recent study, it was found that the PBV sequences from different kinds of mammals showed a high diversity and phylogenetic analysis revealed that they were widely distributed over the phylogenetic tree [18] . Although genogroup I PBVs have been found in different kinds of animals [2, 3, [7] [8] [9] [10] 13, [17] [18] [19] [20] [21] [39] [40] [41] [42] [43] [44] [45] , genogroup II PBVs have only been reported in humans [5, 46] , monkeys [47] , pigs [36] , a cattle calf [44] , and a cat [19] . In this study, both genogroups I and II PBVs were present in cattle, with the genogroup I cattle PBVs showing a high diversity. Except for the two cattle (C346N-1 and C374R-2) of which the RdRp genes of their PBVs showed 93.6% amino acid identity, all the other cattle PBVs had <80% amino acid identities with each other. In our recent study, we proposed that PBVs evolved through genome reassortment and high mutation rates, which may partly account for the high diversities observed in PBVs from different kinds of animals [18] . Furthermore, a recent study reported that PBVs may infect prokaryotes [47] , suggesting that the interplay of PBVs and prokaryotes may also account for the evolution and genetic diversity of PBVs.
In contrast to the high diversities observed in PBVs from cattle, horses, pigs, and California sea lions from the present and our previous study, three distinct PBV clones were found in the monkeys in this study. In Hong Kong, most monkeys in the wild are hybrids of the rhesus macaque and long-tailed macaque. The total number of macaques in Hong Kong is about 1800 to 2000. They live as 30 geographically separated troops. The respiratory and alimentary samples collected in this study were from monkeys that belonged to two separated troops 1.6 km apart. For clades M-R1 and M-R2, it can be observed that the same PBV clone was present in both the respiratory and alimentary samples (Figure 2 ). This implies that the same PBV can probably infect both the respiratory and gastrointestinal tracts of monkeys. This unique phenomenon observed in these PBVs in monkeys in this study has also given us the opportunity to perform molecular evolution studies for protein-coding genes in monkey PBVs of the M-R1 clade, which showed that the Ka/Ks ratio was <0.05, implying that this virus was stably evolving in monkeys. Further studies should be performed to examine if there is any association between PBV and diarrhea in monkeys, as well as their diversity and evolutionary mechanism.
